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The Binding of Organic Ions by Proteins1 

BY IRVING M. KLOTZ, F. MARIAN WALKER AND RITA B. PIVAN 

Introduction 
It has been recognized from many investiga

tions2-16 that organic anions interact with pro
teins on the basic side as well as on the acid side 
of their isoelectric points. Nevertheless quan
titative studies from the point of view of the law 
of mass action are lacking. To contribute to the 
clarification of these interactions a quantitative 
investigation has been made of the binding of two 
azosulfonic acids by bovine serum albumin, and 
the data have been analyzed, in terms of the 
statistical and electrostatic factors which in
fluence binding, by an approach analogous to 
that used so successfully in interpreting the acid-
base reactions of proteins.16 

Experimental 
Reagents.- Crystalline bovine scrum albumin was ob

tained through the courtesy of Armour and Company. 
Corrections for water content were made by heating a small 
sample in an oven at 110° until constant weight was at
tained. 

The methyl orange, Na+-O3SC6H4N=NC6H4N(CH3) : ; , 
was a commercial sample of reagent grade. Azosulfa
thiazole 

where R is a thiazole ring, was kindly supplied by the 
Winthrop Chemical Company. A purity of 97.2% had 
been found from titration with methylene blue. As indi
cated by the manufacturer, the impurity is probably only 
sodium chloride, used in salting out the dye. 

Dialysis Experiments.—Cellophane bags were prepared 
from commercial sausage casing and were filled with a 
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measured amount of a protein solution usually near 0.10^ 
concentration. The bag was immersed in a solution of the 
methyl orange or azosulfathiazole and placed in a cold room 
at approximately 5° for a period of seventy-two hours, an 
interval sufficient for the attainment of equilibrium. The 
bag was then removed and the external solution analyzed 
spectrophotometrically for the colored anion. For each 
anion concentration a control tube was also prepared 
which differed from the primary tube only in that the 
former contained buffer rather than a protein solution in
side the bag. By this method it was possible to minimize 
any errors arising from binding of the dye by the cellophane 
membrane. Preliminary experiments indicated that about 
8 % of the free dye in solution was bound by the cellophane 
membrane. 

A typical experiment, with at tendant calculations, is 
summarized in Table I. 

TABLE I 

A TYPICAL DIALYSIS EXPERIMENT 

Protein tube Control tube 
Outside Inside Outside Inside 
of bag of bag of bag of bag 

Vol.ofsoln., Ce. 20.00 10.00 20.00 10.00 
Moles of albu

min" 1.394 X 10 "I 
Concn. of meth

yl orange, M 7 . 4 0 X l O - S 9.00 X 10~s . . . 
Moles bound methy! 
orange6 4 . 8 0 X 1 0 " ' 

Bound dye \ ^ ^ 
Total protein J 
pll 5.68 5.68 5.08 

" Calculated on assumption of molecular weight of 
70,000. b Under the conditions of the present experi
ments, particularly with such low protein concentrations, 
the influence of the Donnan effect on the dye distribution is 
negligible. 

The dialysis experiments were carried out in 0.1 M 
phosphate buffers. pH's were measured with a glass 
electrode. No difference could be detected between the 
pll inside and outside of the cellophane bag. 

The speetrophotometric analyses were made with a 
Beckinan spectrophotometer using cells of 1-rm. depth. 

Results and Discussion 

The extent of binding of methyl orange and 
azosulfathiazole, respectively, by bovine serum 
albumin is illustrated in Figs. 1 and 2. The data 
indicate clearly that many molecules of the organic 
anion may be bound by a single protein molecule, 
and, consequently, that the equilibrium cannot, 
in general, be expressed by a single equilibrium 
constant. 

Before considering the. anion-protein equilibria 
in detail it is necessary to know whether the 
methyl orange or azosulfathiazole molecules form 
aggregates among themselves in aqueous solution. 
This added complication has been shown not to 
exist in the concentration region under investi
gation, by the establishment of the close adher
ence to Beer's law by each dye. 

Thus it is possible to limit our considerations 
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Fig. 1.—Binding of methyl orange by bovine serum 
albumin, pK 5.67. 
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-Comparison of theoretical and experimental 
values in binding of azosulfathiazole. 

to the successive protein-anion equilibria repre
sented by the equations' 

P + A = PA 
PA + A = PA2 

PA;-, + A = PA; 

PA„ , + - A = PA,, 

(D 

where P indicates a molecule of free protein, A one 
of the organic anion and n the maximum possible 
number of bound anions per protein molecule. 
The classical equilibrium constants will be given 
by the relations 

(PA)Z(P)(A) = k, 
(PA2V(PA)(A) = *, 

(2) 

(1'AOZ(PAi-J)(A) = ki 

(PA„)/(PA„-,)(A) = k„ 

I t can be shown'7 tha t the ratio, r, of the moles of 
bound anion to the total moles of protein is given 
in general by the equation 

= It1(A) + 2£jfe(A)3 + • • • + n(hk, • • • Un)(KY -o> 
r 1 + *,(A.) - M2(A)2 + ••• + (W2---W(A)" ' ; 

To convert this equation to a less unwieldy form 
it is necessary to consider in some detail the na
ture of the binding process. 

(17) I. M. Kkitz, Arch. Biochem., 9, 109 (1940). 

Statistical Effect.—The simplest s i tuat ion in 
a case of mult iple binding of the anions by the 
protein would be t h a t in which a bound ion 
exerts no electrostatic influence on the succeed
ing bindings, and in which each anion is bound 
to the same kind of group on the protein. In such 
a case the strength of a t tachment would be the 
same for each bound anion and the relative values 
of the successive equilibrium constants would be 
determined solely by statistical factors. For this 
situation the equilibrium constant of the i th 
reaction in (1) is given by the relation 

n - (i - 1) 1 
i K ki (4) 

as has been indicated frequently in analogous 
problems.16 '18 K is a constant which depends 
on the nature of the anion as well as on the char
acter of the protein and hence must be deter
mined experimentally. 

I t can be shown readily17 t ha t where the sta
tistical effect is predominant and the equilibrium 
constants are given by (4), the relatively involved 
equation (3) may be reduced to a very simple 
linear form. 

n (A) n 

Thus a simple method of determining whether 
the relative values of the binding constants of a 
given anion are fixed by statistical considera
tions alone is to plot the ratio of the moles of 
total protein to moles of bound anion versus the 
concentration of free anion. If a linear relation
ship is obtained, statistical factors are predomi
nant. 

Such a graph for methyl orange is shown in 
Fig. 3. I t is evident immediately tha t methyl 
orange fits the statistical situation. Therefore one 
is led to the conclusion tha t the binding of one 
of these anions does not affect the binding of a 
second, except insofar as the first ion reduces the 
number of spaces available to the second. Iiach 
focus of a t tachment on the albumin molecule 
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Fig. 3.—Validity of statistical interpretation of binding of 

methyl orange. 
(18) E. Q. Adams, T H I S JOURNAL, 38, 1503 (1910); H. S. Simms, 

ibid., 48, 1239 (1926); A. L. von Muralt, ibid., 52, 3518 (1930). 
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must have the same inherent tendency for at
taching an anion. 

In view of the fact that the data for methyl 
orange can be fitted to equation (5), the constants 
K and n have been evaluated by the method of 
least squares, with each point weighted in pro
portion to the concentration of free anion pres
ent. This method of weighting has been adopted 
to give the higher concentrations more nearly 
equal influence, in comparison with the lower 
concentrations, in fixing the constants of (5), than 
they would have in an unweighted equation. The 
result obtained is 

1 _ 4.48 X IQ-" J_ , J _ m 
r " 22.4 (A) + 22.4 W 

The fractional value of n must be attributed to 
experimental error. Presumably 22 is the maxi
mum number of bound methyl orange anions, 
under the conditions of the present experiments. 

Azosulfathiazole stands in marked contrast to 
methyl orange, as is evident from the pronounced 
curvature in Fig. 4. The first few anions of 

1.0 2.0 3.0 4.0 5.0 6.0 
1/free dye X 10~6. 

Fig. 4.—Statistical and electrostatic effects in binding of 
azosulfathiazole by bovine serum albumin. 

azosulfathiazole are more strongly bound than 
are those of methyl orange, no doubt because of 
the additional van der Waals interaction in the 
larger molecule. Each added anion, however, 
exerts an additional electrostatic repulsion toward 
further oncoming anions. Consequently, the 
relative extent of binding decreases until it even 
falls below that for methyl orange. While it is 
difficult to extrapolate the curve for azosulfathia
zole, the indications are that its maximum num
ber of bound anions is the same as that for 
methyl orange, knowing this limiting value it is 
possible to make a first approximation to the 
line which would be obtained if the azosulfathia
zole binding were also determined only by sta
tistical factors, for as the solution becomes more 
and more dilute, the complexes become almost 
exclusively the PA type in which there would be 
no mutual repulsion of bound anions. This first 
approximation to the idealized statistical be
havior is indicated by the dotted line in Fig. 4. 

Electrostatic Effect.—It is most convenient in 
these calculations to eliminate all but the statis
tical and electrostatic-interaction factors by 
considering the ratio of two successive equi
librium constants, ki-i/h. Such a procedure is 
analogous to that used by Kirkwood and West-
heirner19 in treating the first and second ionization 
constants of a dibasic acid. This ratio of equilib
rium constants corresponds to that for the reac
tion 

PA; 4- PAj_2 = 2PA,--! (7) 

in which an A ion is being transferred from one 
complex to another of lower degree. The free 
energy change for this reaction would be given by 
the equation 
- AJM = + RTIn (ki-t/ki) = -Aftiec. + 

\_n — (i — 1) » — I J 

where A.Feec. is the change in electrostatic free-
energy in reaction (7). The second term in equa
tion (8) is the statistical one and has been evalu
ated from equation (4). 

The electrostatic free-energy change may be 
considered as the difference between the charging 
energy of two PA,-i ions and the sum of the 
charging energies of the PA,- and PA,_2 ions. 
For the charging energy of an ion in an electro
lyte solution one may use the relation20 developed 
from the Born and Debye-Hiickel theories and 
hence obtain 

A „ - A W / 1 K \ 

where; N is Avogadro's number; z, the number of 
charges on A; e, the electronic charge; D, the di
electric constant of the medium; b, the radius of 
the protein molecule; a, the "distance of closest 
approach" to the protein of a charged ion; and K 
is given by 

/ Air Ne* VA 
K = UooDlr) r / l (10) 

where; k is the Boltzmann constant, T, the abso
lute temperature and T, twice the ionic strength of 
the medium. To the approximation with which 
the present calculations can be carried out it is 
probably unnecessary to introduce the "effec
tive" dielectric constant used by Kirkwood and 
Westheimer19 in their treatment of dibasic acids, 
for in the relatively large protein molecule, the 
distance of the charged anions from the center 
of the: protein molecule would be nearly the same 
as the radius of the latter. It is of interest to 
note also that the value of AFe\ec., as given by 
equation (9), is a function of the valence and size 
of the; organic anion A, but depends only on the 
radius, and not on the valence, of the protein 
ion. 

(19) f. G. Kirkwood and F. H. Westheimer, J. Client. Pkys., 6, 506 
(1938). 

(20) D. A. Muclnnes, "Principles of Electrochemistry," Reinhold 
Publishing Corp., New York, N. Y., 1939, page 14G; E. J. Cohn and 
J. T. Edsall, ref. 16, pp. 473-475. 
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Making use of equations (8), (9) and (10), one 
can calculate readily the magnitude of the elec
trostatic-interaction term for azosulfathiazole. 
For the purpose of this calculation the radius of 
the protein molecule has been computed from the 
partial specific volume of 0.74821 and found to be 
27.5 A. Such a procedure has been used previ
ously by Edsall.20 If account is taken also of the 
hydration ofo the serum albumin molecule, a 
radius of 30 A. is obtained,22 and this value has 
been assumed for b. To obtain a, 4 A. has been 
added to b, since the distance between the two 
sulfonate ions on azosulfathiazole'is approximately 
8 A. In the buffer used, the ionic strength was 
0.120. Using the radii indicated and accepted 
values for the other constants one may readily 
calculate AFeiec. for the binding of azosulfathi
azole. This value may be combined with the 
statistical term of equation (8) and the ratio 
ki-i/ki may be determined. 

To calculate each ki explicitly it is necessary to 
evaluate one constant empirically. A first ap
proximation was obtained by calculating the slope 
of the dotted line in Fig. 4, computing K from 
(5) and ki from (4). Knowing k\, one may obtain 
the other equilibrium constants which may be 
substituted in (3) and r calculated. 

It has been pointed out to us by Professor 
Scatchard23 that the calculation of k\ from the 
dotted line in Fig. 4 gives undue weight to that 
portion of our data which is poorest in experi
mental precision. To improve the agreement be
tween calculated and observed values of r, other 
values of k\ have been assumed, and curves for r 
versus log (A) computed. By means of successive 
approximations, a "best" value of 1.25 X 10s was 
obtained. The calculated curve for this value of 
ki is illustrated as the solid line in Fig. 2. The 
agreement with the experimental observations is 
probably better than one might anticipate in view 
of the assumptions implicit in the calculations. 

It is also of interest to consider the magnitude 
of the electrostatic effect in the binding of methyl 
orange by bovine serum albumin. The calcula
tion is analogous to that for azosulfathiazole, ex
cept that a new value must be obtained for a. I t 
has been assumed, at Professor Scatchard's sug
gestion,23 that only the SOs - group need be con
sidered in the interaction, and hence a value of 
31.5 A. has been taken for a. With this radius, 
AFeiec. becomes 33 calories/mole. For purposes of 
comparison, the statistical term in equation (8) has 
also been converted into calories for various values 
of i, and the results are listed in Table II. The 
electrostatic term is about an order of magnitude 
smaller than the statistical one. Furthermore the 
percentage effect on ^(i) in Table II is much less 
than on RT Iu <p(i). Nevertheless an electro-

(21) E. J. Cohn and J. T. Edsall, ref. 16, p. 428. 
(22) G. Scatchard, paper presented in the Symposium on Inter

actions in Protein Solutions at the Atlantic City meeting of the 
American Chemical Society, April, 1940. 

(2:j) G. Scatchard, private communication. 

static effect of 33 calories/mole is not in complete 
agreement with the experimental data illustrated 
in Fig. 1. A theoretical curve for r, calculated in 
the manner described for azosulfathiazole, lies 
slightly below the experimental curve. Thus at a 
concentration of 10 - 4 M the theoretical value of 
r is 3.39 and at lO"3 M, 11.7. In view of the over
simplified model of a spherical protein molecule 
with a symmetrical charge distribution, these 
relatively small discrepancies are perhaps to be 
expected. 

T A B L B II 

EVALUATION OF THE STATISTICAL CONTRIBUTION TO THE 

FREE-ENERGY CHANGE 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
Hi 
17 
18 
19 
20 
21 
22 

22 - . 
22 - i 

i +2 i ,.. 
.--—-- . = p(t) 
! 4- 1 i — 1 2.10 

1.575 
1.40 
1.32 
1.27 
1.24 
1.22 
1.205 
1.20 
1.19 
1.19 
1.19 
1.20 
1.205 
1.22 
1.24 
1,27 
1.32 
1.40 
1.575 
2.10 

RTIn </>(i)a 

in calories 

410 
251 
186 
153 
133 
120 

no 
103 
101 
9() 
90 
90 

101 
103 
110 
120 
133 
153 
180 
251 
410 

" Calculated for a temperature of 5 °. 

Nature of the Anion-Protein Bond.—In the 
interaction of detergent anions with proteins it 
has been pointed out by Putnam and Neu-
rath10 that the points of attachment are probably 
cationic groups on the protein. A similar mecha
nism seems likely with the sulfonate groups 
described in this paper. In this connection it is 
of interest to note that the maximum number of 
bound anions, 22, corresponds roughly to the 
number of arginine residues, 25, in the bovine 
albumin molecule.24 

In comparing the affinity of a protein for vari
ous anions, it is appropriate to consider the rela
tive values of the first binding constant, k\t since 
after the addition of one or more anions, the com
plexes with different added groups are no longer 
strictly analogous. It would be suitable also to 
compare the intrinsic constants, K or 1/K1 and 
thereby eliminate the statistical factor. How
ever, in the present situation the maximum num
ber of bound anions is the same for both com-

(24) E. Brand, B. Kassel and L. Saidel, J. CHn. Investigation, 23, 
437 (1944). 
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pounds, and hence the use of the intrinsic con
stant will not change the relative affinities of the 
two substances. 

The first binding constant can be evaluated 
readily for methyl orange by substituting the 
known value of K, 4.48 X 1O-4, into (4). A value 
of 4.9 X 104 is obtained for ku -5960 calories/ 
mole for AF1. For azosulfathiazole, a ki of 1.25 X 
106 has been determined by methods described 
above. AFi thus becomes —6480 calories/mole. 
The additional affinity of 520 calories which the 
protein has for azosulfathiazole must be attributed 
to the additional groups present in this molecule. 
Since there are many added substituents it is 
impossible to consider any one as most important 
although it seems likely that the van der Waals 
interaction of the added aromatic ring contributes 
the major portion of this extra stabilization energy. 
Additional investigations are in progress in which 
the binding of closely related analogs is being 
studied so that the contributions of various sub
stituents to the binding energy may be evaluated. 

Conclusions.—From the data and calculations 
presented it is obviously possible to correlate 
the binding of organic anions by the established 

The surface properties of aqueous solutions of 
paraffin-chain colloidal electrolytes are of both 
theoretical and practical interest. The change 
of surface tension with time including final equilib
rium values at 40° has been determined in this 
Laboratory13 by the sessile bubble method for a 
series of solutions of varying concentrations of 
sodium decane, dodecane and tetradecane sul
fonate, sodium laurate buffered with 0.002 M 
sodium carbonate, and of monoethanolammonium 
laurate, myristate and oleate buffered with excess 
monoethanolamine. Long and Nutting2 have 
made a similar study at 25° of sodium laurate 
solutions over a pH range of 7 to 11. Previously 
it has been shown3.4 that the surface tension of 
solutions of sodium soaps is markedly affected 
by change of pH. Powney and Addison4 have 
determined by the drop weight method the inter-
facial tension of solutions of alkyl sulfates (car
bon chain, Ci2, CM, CW, Ci8) and of the correspond
ing sodium soaps at varying pH values against 
xylene. While they may have obtained repro-

i'l) Standard Oil Company of California Fellow, 1941-1942. 
(Ia) T.mar, Siverfz and Reitmeier, T H I S JOURMAI,, 62, 237o 

(1940). 
(2) Long and Nutting, ibid., 63, 84 (1041). 
CSI I.oiiK. Nnuinj; and llarkins, ibid., 59, 2197 (1937). 
M) I'o'vncy and .Addison, I rails. Faraday Hoc, 33, 1243 (1937); 

34, 372 1,193S); 34, 033 (1U3S), 

principles of the law of mass action. Deviations 
from statistical behavior can be explained 
adequately in terms of electrostatic contributions 
and it is unnecessary to assume that the asso
ciated cations are bound simultaneously with the 
organic anions. The equations presented also 
permit the ready evaluation of equilibrium con
stants and free energies of binding of the first anion 
by the protein and consequently afford a simple 
quantitative method of evaluating the contribu
tions of various structural groups to the strength 
of the bond. 
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Summary 
Quantitative data are presented on the binding 

of two sulfonate anions by bovine serum albumin. 
The data are analyzed in terms of statistical and 
electrostatic factors which contribute to the 
strength of binding. A method of evaluating the 
strength of protein-anion bonds is presented. 
EVANSTON, ILLINOIS RECEIVED MARCH 29, 1946 

ducible results, they evidently did not obtain 
equilibrium values. The drop weight method 
does not permit the interface to age for more 
than a brief time, not long enough for equilibrium 
conditions to become established. Furthermore, 
these workers did not presaturate the xylene and 
solutions with each other; as will be shown later, 
this has an influence of considerable magnitude 
on the values obtained. 

Surface Tensions of Solutions of Dodecane 
Sulfonic Acid and of Magnesium Octane Sul
fonate.—The acid was prepared by the method 
of Zuffanti.6 

The magnesium octane sulfonate was taken 
from a stock of this compound prepared by Dr. 
R. D. Cadle6 in this Laboratory by precipitation 
with magnesium chloride from a hot solution of 
sodium octane sulfonate. The salt was then 
purified by two crystallizations from water and 
finally analyzed by ignition and subsequent con
version to magnesium pyrophosphate; the results 
were very close to the theoretical requirement. 

The surface tensions of the dodecane sulfonic 
acid solutions were measured by the sessile 

(5) Zuffanti, THIS JOURNAL, 62, 1044 (1940). 
(Ii) CadU\ "A Study of the Properties of Salts of Certain Higher 

v^ullonie Acids," Doctorate Thesis, University of Washington, 
Seattle, 1940. 
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